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Defect reduction in SiC single crystal during TSSG process

under low pressure condition

Yong Jae Yu

Department of Smart Green Technology Engineering, The Graduate School,
Pukyong National University

Abstract

Silicon carbide (SiC) is a material which has a wide band gap, high
thermal conductivity, and high breakdown—electric field. These properties are
suitable for high efficiency and high—speed switching electronic devices.
Furthermore, they are critical for the miniaturization and weight reduction of
the high power electronic devices. There are various growth methods for
bulk SiC crystals such as Physical Vapor Transport (PVT), High
Temperature Chemical Vapor Deposition (HT—CVD), and Top—seeded
Solution Growth (TSSG). Among them, TSSG is advantageous method in
terms of low defect density and ability of dopant incorporation control which
are well reported by many research groups. Despite these advantages, TSSG
remains several issues which related to the defects caused by the melt,
such as metal inclusion, residual silicon droplet and the pore defect. The
pore defect shapes a hole—like empty space that occurred when the ambient
gas dissolved into the melt and formed bubbles. The bubble in the melt is
generally released back to the atmosphere at high temperature. If a portion
of bubbles are adsorbed on the seed crystal surface, remained during the
crystal growth, and finally formed the pore defect. The size of the pore
defect varies from several micrometers to several millimeters. Such pore

defects directly cause the quality deterioration.
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In this study, the pore defect formation mechanism was investigated
from both theoretical and the experimental approaches. First, the pore defect
formation model was established from the bubble nucleation theory and
Henry's law. From this model, the pore defect density is predicted to
decrease as the pressure in the chamber decreased. The practical
experiments were carried out under the pressure of 700, 500, and 300 Torr
while other conditions were fixed to validate our theoretical model. As the
result, the pore defect density in the SiC single crystal at 300 Torr was
decreased by 83% compared to the grown crystal at 700 Torr. This result
is in accordance with our expectation from the pore defect formation model.
However, the morphological roughness uniformity of the grown surface was
stabilized under low pressure condition, however, it may cause the
contamination of the seed surface during the heating process. This problem
can be amended through the pre—treatment technique, in which the seed
crystal surface is cleaned by the back—etching process. As the result, it will
be possible to grow high quality SiC single crystals under low pressure

condition with appropriate pre—treatment processes via TSSG method.

In summary, the pore defect density and size are proportional to the
operation pressure in the chamber. Low pressure atmosphere is theoretically
and experimentally proven to be a critical condition to grow pore—defectless
SiC single crystal via TSSG process. Furthermore, the roughness uniformity

of the grown crystal can be improved by back—etching process.

Key words : Silicon Carbide, Single crystal growth, Top Seeded Solution

Growth, Pore defect, Ar pressure
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structure of SiC polytypes.
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Table 1. Electrical and thermal properties of Si and polytypes of SiC.

Parameter Si 3C-SiC 4H-SiC 6H-SiC
Bandgap(eV) 1.12 2.3 326  3.03
Breakdown-field(MV cm-1)
erpendicularto c-axis 22 3.0
(perp ) N 18
(Parallel to c-axis) 28 1.7
Electron mobility (cm2 V-1 s71)
(perpendicularto c-axis) 800 400
_ 1200 900
(Parallel to c-axis) 650 60
Hole mobility(cm2 V-1 s71) 480 40 120 80
Saturated electron velocity(107 cm s™) 1.0 25 2.0 2.0
Thermal conductivity(W cm-" K1) 1.5 3-4 3.0-38 3.0-38
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c-plane (0001)

a-plane (11-20)

m-plane (1-100)

Fig. 4. SiC crystal planes.
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2.2. SiC ©Z24 A3
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AT}, o] % Despretz(1849), Marsden(1880), Colson(1882)0] H]A|A 2l
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Lely sublimationo.& H|Z F7]&= AX|9k o] d¥} Hwgle uw ¢t2dA]
olAAN L7t =2 SiC TAAAC] HaFHo] st AYHE A= 5
A HAom, o Fdo] =i U 4steE SiC GAAS daxf kst o

oZi

T7F A& Ak o] H oA Lely sublimation® o] %9 tjfd o4
AR Foldx thEA<el ®¥Hel PVT (Physical Vapor Transport),
HTCVD (High Temperature Chemical Vapor Deposition), TSSG
(Top—Seeded Solution Growth)9] <z} EA tjs] A &=3staAt 34,

Table 2914 thEACl AAAEL 71eke}A @ ok} o).
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Fig. 5. Schematic of Lely method.
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Table 2. Various SiC single crystal growth method.

Uniform quality

PVT HT-CVD TSSG
Schematic Fig. 6 Fig. 7 Fig. 8
Si-based
Raw SiC Power SiH4, SiCl4, TMS, transition
materials MTC, ... metal(Fe, Cr, Ti, ...)
solvent
System close Open Open
Growth . 5 .
eer 2300~2400°C 2100~2300°C 1750~2100°C
condition
Growth rafe 0.3~0.5mm/h 0.3~1.5mm/h 0.3~1.0mm/h
Max. 2mm/h Max. 2.4mm/h Max. 2mm/h
Technology learning ngh.purlty, ¢/si High doping
, ) ratio control, .
relativelyeasyin the ] efficiency,
Advantage - Continuous ’ .
commercialized Available of high
technolo supply of gie ualit
il source g y
Pol
= y.wpe. Low carbon
. 5 : determination, S s
Require high purity solubilityin Si
o Technology .
. raw powder, Limit to . melt, Interaction
Disadvantage . . learningis ,
High-quality, Non- difficult of Si melt and

compared with
other method.

crucible, Metallic
contamination

Wolfspeed Nagoya universit
. Dow Corning Norstel goy 4
Main player Toyota
1-V1 Denso NSSMC
Tankeblue
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2.2.1. 28 71735HPVT)

obxl, 19551 Lelyel 98] SiCe 1% Aol wxEa o] 1978
d, g Aloe] Y. Tairov7} Lely sublimation®® 92 ¢k SiCE A4
Ao g ALE-3}e] Seeded sublimation(Modified Lely sublimation)®H < 7i&
gt 5], Fig. 6(a)ollA 719 Lely Sublimation®} =¥ Seeded
subliamtion<> SiC Y& & stF-o FiL, AFol FAAASE &3 7, 2%
£ 2300~2400C7HA] &2A1A FA8H. olu, SiC 979 2= At
om A, FAEAAY 2kt duHoE WA dAsie A8t T4
Abol ] 2EXbE oF 100C=E AATT o]F, 8o s34 SiC 7|8k
&4 (Si, Si2C, SiC2)e] FAAAANA FFHHL 287t o] FojA|= W4
ol 2xx7t A4 A FE=o| "HTH26]. o] WA & =
EgH oz olFsled FAAARCAAM  AFAHe= HHoeR A
PVT(Physical Vapor Transport)z}il E8™, PVTY AHE =& AAE
¥ A4 3te] gold o & Cree, Tankeblue, SiCCAl & %2 #A|Z 3|A}
A PVT= SiCE ¢fakstal duH[(27].

b
T

A= o] 9% WS p—typedl A= SiC 95 o B(Boron) ¢
TS Aol e Wl o, n—typeol A= ¥ doll N(Nitrogen) 7k
S FYste ol k(28] olwl, PVTolA AdFA|gte] Aol whe} &=
3 98 4ol A nAEol = st A FACd wEt fHAsks &

A7 B 5 dEd, ol Bty Y3k WA o] M—-PVT (modified PVT)
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HTCVD method.
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Ao R EAu A golof gt} o]E HlY o2 Fe(Iron), Cr(Chromium),
Ti(Titanium) Fo] ¥4 &A=E Fole Ho|gHowm o]&HM, 53] Cr
& o847 AT wol oFold n@Aos AgHE Aol
dola4el & ulgo] U1l wit vA g8m=rt 343 FUksithrt 40
mol% HMF= T4 &8l T7F Fo] FAadt=dl, o wWiol 30~40 mol%
v skeh Aol Aelt. w9, B g3 20 olsel Qxe nu
Morphology®  7HA&  #lalx  HelgHe Frishrl= sk,
Al(Aluminum), Sn(Tin) | °]-&HT}[35,36]. aFAvF Ale] 4§, SiC &
AAo) A p—type dopant® Z&3=E n—type SiCE AAstazt st 4

S-ol = 7S A7k Do [37].
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Fig. 8. Schematic of (a) TSSG method proceduer and (b) TSSG

chamber.
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6H-SiC

Fig. 11. Different SiC Polytypes measured by ultraviolet

fluorescence analysis.
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[0001]

Fig. 12. The geometry of TED, TSD, BPD and Micropipe in SiC

crystal.
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Table 3. TED, TSD, BPD and Micropipe in SiC substrate.

Dislocation Burgers vector Major direction

Micropipe n?ggg;:’ <0001>

TSD . <0001>
(h=1, 2)

TED <11-20>/3 <0001>

BPD <11-20>/3 <11-20>
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ED ¥

e

“~Scratch

Fig. 13. OM image of dislocations on a SiC substrate observed after

chemical etching process.
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(b)

10mm

10mm

Fig. 14. (a) As—grown surface image of SiC single crystal grown by

TSSG method and (b) its transmission X—ray image.

_42_



Tefore annealin

Fig. 15. As—grown SiC crystals before and after annealing process

after TSSG process.
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Fig. 16. (a) A picture of the opened—pore defects on
as—grown surface and (b) a transmission OM image of

the closed—pore defects in a grown layer.
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Closed pore defect

Open pore defect
Ar molecule

Fig. 17. Schematic of the pore defect formation mechanism.
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(a} ) ¢ r 9
Potential
energy
a0
Intermolecularforce = —
dx
1
]
P R ;
Intermolecular distance
(b)

Single bubble -

ST

Fig. 18. (a) A graph of the intermolecular force as a
function of the intermolecular distance—potential energy

and (b) a schematic of the single bubble in the liquid.
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Fig. 19. Bubble formation mechanism depending on the argon pressure

in TSSG chamber.
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ABZzAQL AR (TSSGH)

Aol M= SiIC GAd A8 AFFALAEEH(TSSG) A& A
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(Korea Institution of Ceramic Engineering and Technology, KICET)| A
2014l AFE SiC ¢4 TSSG 4 A& FA(elst L1")E &-&3}
Ak L1 A 742 Fig. 20(a)ol A debd Ad o] DHAFR: Wi
%= AF(Induced current)= doA 7ldst= w2l Aw], 2)Ad o]

Fdo| AFE FTHEE IS T3, DUEE: 29 o4F, 7t
FUH, AFZE A9} JAEE T2 4, 4)1274 (Pyrometer): A5
o} S5 2EE A, 5)7l2 AdhgE FAAHo] Q). Fig. 20(b)& AW

5 ARS HoFEth AW JFddE 7] A=A (Electric conductor)ol
o

% 7}<& (Induction heating) & ¥°oZ 4 &= RF coil(Radio Frequency

coiDo] EA8tH, FToll= A 7Hte] 88 He dd3 A g4

FF ABL e NEE F9 BAUS AL+ glev], Bk Fu
o2 G<EA(Thermal insulator)l =< HE(Graphite felt)=Z Yo <l
Ao frES Yolgv AW oYzt A A 2RHlE FA =
Asks sy, WA A B 2 FAHLS Fig. 219 A vie} Fow 7}
A A SAEHS o 2

olggom AAFAIFL C—1, on—axisolA o]FofHt}. H Ao

A ALEE % R TSSGE FAARL AR EC FAdle] F]

_48_



Sfopgttt. -4 SiC TAEAGE F-HAY AFLEE aEd A
2R, TAAGL A4 FHAHe daa PR 24 B
oA gt ol FAEA] AVI7F AR we A
I SiC Abele] FAAFE Asf SAAAH] BHH = Aol 24

817 wWEeld], olelg @4 PAHIA 47] AZ thE BAL o

#, 550CoAA 2A17HEr A gt HEgt. olst 482> J. H.
Kang®] A7olA ZAAg PR ¥ A4S thFATHE0]. o5, v
A9} AFZE EA AloldlE= Resbond™A}] 931 Graphite adhesive
9 Zd 29 uldEE 1:0.35 HEE 42 E4& =X

oA 4AI1ZF, 130Cel A 16A17FEF AA |2 FEete] Hlst .
LB w5 FH)L A SICY TSSG e we C faleR A%
S AT SE271 GHYE H3loy o]+ Fe, Cr, Ti 59 Holv%

o7 #|Zdo] 7hsstt. B =X pore defectE #WES= Ao

ZAolnz 44 SE8 Folud dolF&He Frlstgon, A

o2 7P ol AHEHE HolwEd Cre 39 mol%s F7Hsksl e
w, 39 Morphology 7H4d HSWHozE Als& 1 mol% F71eto]
SiosoCroseAloor®l &9 T&5 o]&aidth v&s ¥ =7/t = AF
weo AR new Add T A4 £ AR,
g9 ol 30mmE Hgdte] 7 F&Ho Fe Si 296.95g, Cr

257.29g, Al 4.75g0. 2 Zn|3hlth,

_49_



=
= oL
—

1

s

=971

B 2

H

A
™

o}, 1d]a

}

9
pl

A

Hodle] 9=

=
™

=

gl e UdHZ(Rotary oil pump)Z XI&(Vacuuming) 23], o}

7F @7 =71y

3. TSSG 24 4

BT R m NP e S W o X I~ e N NI (e
m B W o o P S I ) R R
Pt gH® . L2 ~ o w
R o T SRR o — o ~ ~ O
~ — KoY o o - = 0 X ~dl ™ =
TR T L X WY e " DT E o 3
il —~ X T °fF ~ R R - O I
B ‘. SRR e P ED A i 3 2y X %
= = N o N aze) N Z_l s —_— Sy —_— E dﬂ Rk
i w ™ \ iy ‘A| = o S To o ~ 0 = .
= 3 - % _i = | W i T K P En_ X o Ht ¥ O W
oz M % i) mo A . ok o NG S
o B Mm x° o MWM -~ % B A o M o N n_m o
5 oo oo 2 4 N P Ro Nk B g W g
£ % oFo%o ooy W m o cm s - n_Mo © mr £ o 2
SEON oM B 3Seg g R0 g 5
S 3 o = < 2 = T
R A A T
£} ~ <0 nnw & P r) S S 2 A o Jmm £
CE = w 18 = d0 o8 2 oy B WL O T oo | &
T S E WS B e = ~ X .
— = ° .. —  xH Oﬁe J)) o K L G = -
o T N AT A oz} o] o T o, - e B
g - Ve N A M e TS, 3R
ﬂdﬂﬂﬁ%tﬁé@&ﬂﬂ%?%ﬁm%&ﬂo
) ~ ) + iy - =
o - E e T e § Pl e d 5 8 8K
— R X0 R o T To ) < =) e
\% ﬂﬂu X = o X x X @ ) o — = @ o el
_ L 3 0 K |
S O ,W. mK B R OB o T XD ma w o S wm
S H L ¥ " RuE =z 5% 0 2w g 5
> o o < Mo omMom g ST .o S oo 2 F O oa
ST O . dJo 0 gy S 9k S 2 a2 o 2 b
M - 0 % 0 ‘;b _ J = mm iy o mU\ m < 7
5 o @Y HOX 9 = o "Ar W = O N
T &7 B & Ao wW ok T ST B KR EZ S8 TR
4. ’

_50_



(a)

{b)

Fig. 20. Pictures of (a)the TSSG equipment in
KICET with five functional units, 1. a chamber, 2.
a generator, 3. a controller, 4. pyrometers, and 5.

gas(argon), (b) the Hot—zone.
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1. Shaft preparation
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\_ [After growing]

[After cleaning]

[Sampling]

[Analyzing] /

5. Post processing

Fig. 21. Illestration of TSSG process.
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------------------------------------------ e e e
‘ — — 700 Torr
\ f A 'l
\ A 500 Torr
\ f
\ \ 300 Torr
\ / \ / \
\ .-" "'. !‘"l \ 4 i Y
Fig. 22. A graph of the experimental procedure for TSSG method.
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[High resolution X-ray diffractometer]

Fig. 23. OM, X-ray CT, Raman spectroscopy and HR—XRD

measurement systems.
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)

s AP T T T

Fig. 24. As—grown SiC single crystals from different Ar pressure

conditions.
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Fig. 26. (a) A image of a hillock defect caused by the vapor from the

melt (b) schematic of the back—etching process.
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Fig. 27. 2—thetas of the grown sample shown in Fig.24
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Table 4. FWHM by high resolution X-ray

diffraction of each sample.

Point 1 2 3 Average
700 Torr 96 57 100 84
Soo Torr 68 140 80 96
300 Torr 61 185 35 74

(arcsec)
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Open pore

Fig. 28. A cross—sectional OM image of the pore defects in TSSG

grown layer.
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Fig. 29. X—ray CT images on the grown surface, the middle of grown

lyaer and the near seed surface in different Ar pressures.
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Fig. 30. Measured number of the closed—pore defect

diameters and densities.
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Table 5. Porosity of grown crystals at each pressure.

Pressure | Total volume | Pore volume Porosity
(Torr) (mm?) (mm?) (%)
700 38.79 1.19 3.07
500 35.13 0.70 1.99
300 39.20 0.22 0.57
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[OM image]

Grown layer 500 um

Fig. 31. (a) OM images of 2D—island defects on top of as—grown

surface and (b) cross—sectional image observed by X—ray CT.
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Fig. 32. X—-ray CT images of the various pore defect morphologies

with 3D—island and without 3D—island.
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counted number observed with 3D—islands.
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Fig. 34. OM images of the opened—pore defects on as—growth surface
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